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Delta/notch-like epidermal growth factor (EGF)-related receptor (DNER) is a single-pass transmem-
brane protein found to be a novel ligand in the Notch signaling pathway. Its function was previously
characterized in the developing cerebellum and inner ear hair cells. In this study, we isolated a
zebraﬁsh homolog of DNER and showed that this gene is expressed in the developing nervous system.
Overexpression of dner or the intracellular domain of dner was sufﬁcient to inhibit the proliferation of
neural progenitors and induce neuronal and glial differentiation. In contrast, the knockdown of
endogenous Dner expression using antisense morpholino oligonucleotides increased the proliferation
of neural progenitors and maintained neural cells in a progenitor status through inhibition of neuronal
and glial differentiation. Through analysis of the antagonistic effect on the Delta ligand and the role of
the potential downstream mediator Deltex1, we showed that Dner acts in Notch-dependent and Notch-
independent manner. This is the ﬁrst study to demonstrate a role for Dner in neural progenitors
and neuronal differentiation and provides new insights into mediation of neuronal development and
differentiation by the Notch signaling pathway.
& 2013 Elsevier Inc. All rights reserved.Introduction
Notch signaling has been conserved throughout evolution,
and the components of this pathway have been characterized in
Drosophila and vertebrates (Louvi and Artavanis-Tsakonas, 2006).
Notch-mediated signaling plays a fundamental role in a variety
of neural developmental processes and in the pathogenesis of
several human cancers and genetic disorders (Roy et al., 2007). In
the developing nervous system, Notch signals are involved in
neuronal progenitor maintenance and later govern the decision
between neuronal and glial lineages. They also inﬂuence beha-
vioral aspects of terminally differentiated neurons and contribute
to brain morphogenesis through the patterning of cellular ﬁelds
(Lewis et al., 2009).
The Notch receptor is a single transmembrane protein with
large extracellular domains that consist primarily of epidermal
growth factor (EGF)-like repeats. Notch acts as a ligand-activation
sensor and mediator of signaling to the cell nucleus. Interaction
with its ligands, Delta or Serrate/Jagged, triggers proteolyticll rights reserved.cleavage to release the Notch intracellular domain (NICD), which
enters the nucleus. NICD then interacts with the DNA-binding
protein CSL (CBF/RBP-J, Su(H), LAG-1/CSL), leading to the tran-
scription of target genes (Louvi and Artavanis-Tsakonas, 2006).
Recently, mammalian Delta/notch-like EGF-related receptor
(DNER) was identiﬁed as a novel single-pass transmembrane protein
with 10 extracellular EGF-like domains. These domains are highly
similar to the Notch receptor and its ligand Delta, suggesting that
DNER is involved in the Notch signaling pathway. Subsequent
in vitro studies demonstrated that DNER binds to Notch receptor
at cell–cell contacts and activates Notch signaling (Eiraku et al.,
2002). In the developing cerebellum, Dner is highly expressed in
Purkinje cell dendrites and contributes to the morphological and
functional maturation of the adjacent Bergmann glia via the Deltex-
dependent Notch signaling pathway, which is essential for cerebellar
development (Eiraku et al., 2005; Saito and Takeshima, 2006). The
cerebellum of DNER mutant mice also displayed morphological
impairments of the Bergmann glia and multiple innervations
between climbing ﬁbers and Purkinje cells (Tohgo et al., 2006).
Studies of the inner ear have shown that DNER mediates the
development of hair cells (Hartman et al., 2010; Kowalik and
Hudspeth, 2011).
In the present study, we determined the full coding sequence
of zebraﬁsh dner and found that the gene was exclusively
F.-Y. Hsieh et al. / Developmental Biology 375 (2013) 1–122expressed in the developing nervous system. We interfered with
the endogenous expression of Dner using overexpression and
morpholino knockdown approaches, showing that the gene reg-
ulates the proliferation of neural progenitors and differentiation
of neuronal and glial cells in a Notch-dependent and Notch-
independent manner.Materials and methods
Ethics statement
All experiments were performed in strict accordance to stan-
dard guidelines for zebraﬁsh work and approved by the Institu-
tional Animal Care and Use Committee of Chang Gung University
(IACUC approval number: CGU08-86).
Sequence comparisons
Amino acid sequences were aligned and displayed using the
Vector NTI (Invitrogen). The GenBank accession numbers of the
compared proteins are as follows: zebraﬁsh Dner (XM_002665411.
2), Xenopus laevis dner (BC161016.1), mouse DNER (NM_152915.1)
and human DNER (NM_139072.3).
Fish maintenance and mutants
Tu¨ (wild type) zebraﬁsh embryos were purchased from the
Zebraﬁsh International Resource Center (ZIRC, Oregon, USA) and
were raised, maintained and paired under standard conditions.
The embryos were staged according to the number of somites,
hours post fertilization and days post fertilization (Kimmel et al.,
1995).
Isolation of zebraﬁsh dner and construct generation
Human DNER was used as a template to screen the zebraﬁsh
genome database (www.ensembl.org, version Zv7), and a frag-
ment with high similarity was identiﬁed. Sequence comparison
with mammalian homologs showed that this fragment was not a
complete coding region. The missing 50- and 30-end sequences
were then ampliﬁed by rapid ampliﬁcation of cDNA ends (RACE)
using the 50-RACE and 30-RACE kits (Ambion) according to the
manufacturer’s instructions. Primers (50-GAATTCATGCAGCTCTT-
CATCCTTCCTC-30 and 50-GGAATTCTCACAAATCTTTAGTTTTAAT-
GAG-30) were designed to amplify the full open reading frame
from the total cDNA extracted from zebraﬁsh embryos, and the
polymerase chain reaction (PCR) product contained 2235 bp
encoding a 744-residue peptide. The intracellular domain of dner
was ampliﬁed with 50-GAATTCCAGCCGTATTGAATACCAGGGC-30
and 50-GGAATTCTCACAAATCTTTAGTTTTAATGAG-30. The PCR pro-
ducts were digested with EcoRI and cloned into the pCS2þ vector.
PCR ampliﬁcations were performed with high-ﬁdelity Pfu poly-
merase (Promega), and the constructs were sequenced to check
for the absence of mutations.
RT-PCR
Total RNA was extracted from zebraﬁsh embryos using standard
protocol (TRIzol; Invitrogen) and resuspended in nuclease-free
water. The concentration and purity of RNA were measured with
a spectrophotometer (NanoDrop Technologies), and contaminating
genomic DNA was removed using DNase I (Ambion). Reverse
transcription was performed using the Thermoscript RT-PCR system
(Invitrogen) priming with random hexamers. Synthesized cDNA was
used with the primers 50-GAATTCATGCAGCTCTTCATCCTTCCTC-30and 50-GGAATTCTCACAAATCTTTAGTTTTAATGAG-30 spanning the
MO2 binding sequence in standard PCR conditions.
Histological analysis
For whole-mount in situ hybridization, digoxigenin-UTP- or
ﬂuorescein-UTP-labeled riboprobes were synthesized to detect
dner, neurogenin1, sox2, slc1a3a, ascl1a, and mag transcripts
according to the manufacturer0s instructions (Roche); in situ
hybridizations were performed as described previously (Cheng
et al., 2004). The color reaction was performed using NBT/BCIP
substrate (Roche) or Fast Red TR/Naphthol AS-MX (Sigma).
Double in situ hybridizations were performed according to a
previous publication (Cheng et al., 2000). For immunohistochemistry,
the embryos were blocked in 5% goat serum and anti-HuC/HuD
neuronal protein monoclonal 16A11 antibody (1/500 dilution,
Invitrogen) was applied. Fluorochrome-conjugated antibodies
Alexa Fluor 488 (or 594) goat anti-mouse IgG (Invitrogen)
was used to detect the primary antibodies. Embryos were
mounted with Vectashield mounting medium with DAPI (Vector
Laboratories, Inc.).
RNA and morpholino injection
Capped RNA encoding the full coding sequence of dner and id-
dner was prepared as described previously (Chung et al., 2011).
Antisense morpholino oligonucleotides were purchased from
Gene Tools, LLC (Oregon, USA). Two morpholinos against dner
were used. MO1 (GTCTAATGTACCTCTGTGTGTTTGC) targets the
50-end to the ATG start codon. The cytoplasmic domain of
mammalian DNER contains the YXXØ motif that has been shown
to be responsible for dendritic targeting and endocytosis. Mouse
DNER lacking the intracellular domain showed no signiﬁcant
transcriptional activation (Eiraku et al., 2002). We accordingly
designed MO2 (ATCGGTCTAATGTACCTCTGTGTGT), which corre-
sponds to the intron 11–exon 12 boundary region sequence,
to generate a construct lacking the 12th exon and resulting in
deletion of the transmembrane domain and the amino-terminal
cytoplasmic region. A morpholino with a 5-base mismatch
to MO1 (GTgTAATcTAgCTCTcTcTGTTTGC; mismatched bases are
indicated by lower case letters) was injected in an equal amount
of MO1 as a control experiment. Two morpholinos that targeted
the 50-end to the ATG start codon of deltex1 (TTATCGACCCAG-
CTCACACAAGGGC and TCACACCAGCGAACGTCTTCCCAAT) were
used, resulting in the same phenotype. Isolation and detailed
functional analysis of zebraﬁsh deltex1 will be described else-
where. All injections were performed at the 1- to 2-cell stage, and
cRNAs or morpholinos were introduced into blastomeres.
Quantitative analysis
For quantitative real time PCR (qPCR), embryos were homoge-
nized in TRIzol reagent (Invitrogen) and total RNA was extracted
using a standard method. cDNA was synthesized from total RNA with
random hexamer priming using RevertAid First Strand cDNA Synth-
esis Kit (Fermentas). qPCR was performed on an ABI StepOneTM Real-
Time PCR System (Applied Biosystems) with SYBR green ﬂuorescent
label (Fermentas). Primers for neurogenin1 (F: 50-CGCACACGGATGAT-
GAAGACTCGCG-30; R: 50-CGGTTCTTCTTCACGACGTGCACAGTGG-30),
slc1a3 (F: 50-GTAACGGGGAGACGCGTCTGCAGCG-30; R: 50-GATTATTC-
CCACGATGACGGCGGCG-30), mag (F: 50-GTGGATGCCCAGAGACATTT
30; R: 50-TCCGTCCCTTGTAACTTTCG-30) and gapdh (F: 50-ACCCGTGCT-
GCTTTCTTGAC-30; R: 50-GACCAGTTTGCCGCCTTCT-30) were used.
Gene expression levels were normalized to gapdh and assessed using
the comparative CT (40 cycles) according to the manufacturer’s
instructions (Applied Biosystems).
Fig. 1. dner expression in the developing zebraﬁsh. Expression of dner was detected during zebraﬁsh embryogenesis by in situ hybridization. The stages of embryos are
shown in the bottom left corner of each panel. All panels show dorsal views, with anterior to the top. (A) dner expression in proneuronal clusters, as 3 rostrocaudal strips.
(B–C) Differing levels of dner expression were observed in differentiating neurons in the brain and spinal cord. (D) Expression was retained in the brain; however, it was
lost in the spinal cord at 48 hpf. cg, cranial ganglia; fb, forebrain; hb, hindbrain; mb, midbrain; mn, motor neurons; sn, sensory neurons; scn, spinal cord neurons.
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the ectoderm, yolks were removed from the embryos, ﬂat-mounted,
and post-stained with DAPI to locate the body of each cell. The
phosphohistone H3-positive cells were counted from either the
sox2-positive population or the sox2-negative population adjacent
to the sox2-positive area. Equivalent numbers of sox2-positive and
sox2-negative cells were counted in each experiment.
Statistical analysis was performed by Student’s t-test using
Microsoft Excel 2007. The signiﬁcance level was set at po0.05.
All reactions were performed in triplicate for each sample.Results
Characterization of zebraﬁsh dner
Alignment with the genomic sequence showed that the open
reading frame contained 13 exons. The amino acid sequence of
zebraﬁsh Dner shared the structural features of mammalian DNER
homologs including 10 distinct EGF-like motifs, each of which was
deﬁned by the pairing of cysteine residues (Supplementary Fig. 1A).
The tenth motif had a typical calcium-binding EGF-like domain,
which is believed to be important for the orientation of neighboring
modules to produce biological activity. Zebraﬁsh Dner also con-
tained a conserved putative single membrane domain at the 30-end
and an intracellular carboxyl terminus with a potential tyrosine
kinase phosphorylation motif (Supplementary Fig. 1A). Zebraﬁsh
Dner shared 56% identity and 71% conserved amino acids with
human DNER and 57% identity and 71% conserved amino acids with
mouse DNER. A syntenic comparison with mammalian homologs
showed that the gene loci ﬂanking the zebraﬁsh dner gene (on
chromosome 18) were highly conserved compared with gene sets
on human chromosome 2 and mouse chromosome 1 (Supplemen-
tary Fig. 1B). This further supported the orthology of the zebraﬁsh
dner homolog with mammalian Dner.
Expression of dner in the developing nervous system
Expression of dner was analyzed by whole-mount in situ hybri-
dization. Transcripts ﬁrst appeared in the developing nervoussystem during the 3-somite stage when neuroectodermal cells
are committed to becoming neural cells. Expression of dner was
arranged in 3 rostrocaudal rows, representing precursors of inter-
neurons and sensory neurons in the lateral expression domains
and primary motor neurons in the medial stripes (Fig. 1A). Anterior
expression was also found in brain primordia (Fig. 1A). From the
mid-segmentation stages onwards, the cells with a different level
of dner expression spanned the entire central nervous system and
the developing eyes (Fig. 1B–C). By the late pharyngula stages
(48 hpf), expression was absent in the spinal cord and was
restricted mainly to the brain (Fig. 1D). The expression pattern
generally agreed with that of mouse Dner, which is also expressed
mainly in the developing nervous system (Eiraku et al., 2002). In
general, the dynamic expression of dner in neural tissues suggests
its importance during central nervous system development.
Dner inhibits proliferation of neural progenitors
To study the role of Dner during neural development, we
overexpressed dner cRNA in zebraﬁsh embryos and analyzed the
effects using the neural progenitor marker sox2 during neural
induction. The result of whole-mount in situ hybridization
showed signiﬁcantly decreased sox2 expression (Fig. 2A). Quanti-
tative real-time PCR (qPCR) analysis conﬁrmed a 1.7-fold reduc-
tion in sox2 (Fig. 2C).We further analyzed the proliferating
progenitors using a phosphohistone H3 antibody and counter-
staining with sox2. The result revealed a decreased number of
proliferating neural progenitors in embryos injected with dner
(Fig. 2A), an observation that was further conﬁrmed by a count
of the proliferating cells in the sox2-positive and sox2-negative
populations (Fig. 2D and E). This result suggests that Dner is
sufﬁcient to inhibit the proliferation of neural progenitors.
The Notch signaling pathway has long been considered to be
monodirectional, but recent studies have revealed bidirectional
aspects of the Notch/Delta signaling pathway. Overexpression of
the intracellular domain of Delta is capable of inducing neuron
formation (Hiratochi et al., 2007). Dner is a potential ligand of the
Notch receptor and structurally strongly resembles Delta pro-
teins. Accordingly, to determine the function of the intracellular
domain of Dner, we created a construct that contained only the
Fig. 2. Dner inhibits the proliferation of neural progenitors. Proliferation of neural progenitors was detected by in situ hybridization using a sox2 riboprobe (purple) and
counterstaining with phosphohistone H3 antibody (brown) at 75% epiboly. (A–B) Top and middle panels are dorsal and bottom panels are lateral views. Middle panels
show enlarged images of the corresponding top panels. (A) The proliferation of neural progenitors was reduced in dner- or id-dner-injected embryos compared with the
controls. (B) Injection with either MO1 or MO2 induced the proliferation of neural progenitors, and the phenotypes caused by morpholino injection could be rescued by
concomitant injection with dner cRNA. (C) The results of in situ hybridization were conﬁrmed quantitatively by qPCR analysis. (D) The proportions of phosphohistone
H3- and sox2-positive cells among the total sox2-positive cells were quantiﬁed. (E) The proportions of phosphohistone H3-positive and sox2-negative cells in sox2-negative
cells counted in adjacent surface ectoderm showed no signiﬁcant deviation in Dner-distorted embryos. n, po0.05; nn, po0.01; nnn, po0.001.
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extracellular and transmembrane domains. Injection of id-dner
cRNA into zebraﬁsh embryos reduced the proliferation of sox2-
positive neural progenitors, and qPCR analysis conﬁrmed a
2.2-fold decrease in sox2 (Fig. 2A and C), while the proportion ofproliferating neural progenitors was also signiﬁcantly reduced
compared with the controls (Fig. 2D and E). This result was identical
to that obtained by dner injection, indicating that the intracellular
domain of Dner is an effective functional domain that is capable of
inhibiting the proliferation of neural progenitors.
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Functional studies of genes using misexpression approaches
may fail to reveal their physiological roles. We accordingly used a
morpholino (MO) knockdown approach to interfere with the
endogenous expression of Dner. An antisense morpholino was
synthesized that targeted the translation start site of dner mRNA
to block protein production (MO1), while a second morpholino
(MO2) was designed that targeted the intron 11–exon 12 bound-
ary to produce defective splicing and a truncated product. BLAST
analysis detected o20 bp identity of MO1 or MO2 with other
genomic sequences, none of which corresponded to the 50-UTR or
exon–intron splicing site of the predicted or characterized genes,
suggesting that MO1 and MO2 may act speciﬁcally on dner.
This speciﬁcity was conﬁrmed by rescue experiments in which
MOs were co-injected with dner cRNA, as described below.
To conﬁrm the efﬁcacy of the morpholino knockdown approach,
dner MO1 was co-injected with the cRNA of a reporter construct
that contained the dner MO1-binding sequence upstream of anFig. 3. Dner induces premature differentiation of neuronal precursors. Embryos were e
ectopic neurogenin1 and ascl1a were detected in dner or id-dner-injected embryos (arr
signiﬁcantly decreased in dner or id-dner-injected embryos in comparison with the co
proneural markers at the bud stage. The phenotypes caused by morpholino injection
conﬁrmed the results obtained by in situ hybridization. nn, po0.01; nnn, po0.001.enhanced green ﬂuorescent protein reporter (50dner-EGFP). Effec-
tive knockdown of the translation of this construct (evident by
loss of the EGFP protein) was observed after co-injection with
dner MO1, whereas translation was unaffected by co-injection
with a control morpholino (Supplementary Fig. 2A and B). To
conﬁrm the efﬁcacy of dner MO2, we used RT-PCR with primers
that spanned the MO2-binding sequence. A fragment that corre-
sponded to an mRNA lacking 247 bp of exon 12 was detected in
the morpholino-injected embryo extract (Supplementary Fig. 2C).
Embryos injected with 4 ng MO1 or 2 ng MO2 exhibited
upregulation of sox2 expression (Fig. 2B), as conﬁrmed by a 1.4-
fold increase in sox2 using qPCR (Fig. 2C). Counterstaining with
phosphohistone H3 showed markedly increased proliferation of
neuronal progenitors (Fig. 2B and D). Co-injection with dner cRNA
attenuated the morpholino effects (8 ng; Fig. 2B and D), indicating
that the neural defects in MO1 and MO2 morphants were due to
the speciﬁc inhibition of Dner function. These results demon-
strated that Dner is required for inhibition of the proliferation of
neural progenitors.xamined by in situ hybridization using neurogenin1 and ascl1a. (A) At 75% epipoly,
ows). (B) At the bud stage, the expression levels of neurogenin1 and ascl1a were
ntrols. Injections with either MO1 or MO2 also reduced the expression of these
could be rescued by concomitant injection with dner cRNA. (C) qPCR analysis
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After formation of neural progenitors, the next step in neuro-
genesis is the speciﬁcation of neuronal precursors within the
neurogenic region, regulated by proneural genes. We accordingly
examined the role of Dner in neuronal precursors using the
proneural markers neurogenin1 and ascl1a. We detected ectopic
neurogenin1 and ascl1a expression in dner or id-dner cRNA-injectedFig. 4. Dner-induced neuronal differentiation and dner morpholinos are sufﬁcient to inh
Hu antibody at 24 hpf. The black-and-white ﬂuorescent signals were inverted using
increased the frequency of HuC/D-positive cells. Injections with either morpholino wer
injection with dner cRNA. The insets in each panels show lateral view enlargements of th
in this region and quantiﬁed in (B). n, po0.05.embryos at 75% epiboly when neurogenin1 and ascl1a are not
normally expressed, suggesting that Dner induces premature
neuronal differentiation (arrows in Fig. 3A). Later in neurogenesis,
injections with either dner or id-dner markedly reduced neuro-
genin1 and ascl1a expression at the bud stage (Fig. 3B). These
results were conﬁrmed by qPCR (Fig. 3C). We further analyzed the
effect of Dner in differentiating neurons using the postmitotic
neuronal marker HuC/D antibody. The result showed that embryosibit differentiation. Embryos were analyzed by immunohistochemistry using anti-
negative ﬁlm for a better presentation. (A) Injections with either dner or id-dner
e sufﬁcient to decrease the HuC/D signals. This reduction could be rescued by co-
e 3-somite to 9-somite levels of the spinal cord. HuC/D-positive cells were counted
Fig. 5. Dner inhibits the expression of glial precursors and induces the formation of mature glial cells. (A) Expression of slc1a3awas reduced in embryos that overexpressed
dner or id-dner at the 18-somite stage. Injections with either MO1 or MO2 upregulated the expression of slc1a3a, and this effect could be rescued by concomitant injection
with dner cRNA. (B) Overexpression of dner or id-dner induced the expression of mag at 3 dpf. In contrast, mag expression was signiﬁcantly downregulated in the
morpholino-injected embryos, and this effect was rescued by co-injection with dner cRNA. (C) qPCR analysis conﬁrmed the results of the in situ hybridization shown
in A–B. nn, po0.01; nnn, po0.001.
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upregulated HuC/D expression (Fig. 4A). Counting the HuC/D-
positive cells in the spinal cord conﬁrmed an increase in the
number of cells expressing HuC/D (Fig. 4A and B). These results
suggest that Dner is sufﬁcient to induce premature neurogenesis
at the cost of neural progenitors because we observed an initial
increase and later decrease in neurogenin1 expression. HuC/D-positive
matured neurons were later upregulated in dner-injected embryos.Next, we determined whether the knockdown of Dner also affected
the expression of neurogenin1 and ascl1a. We found that neurogenin1
and ascl1a were downregulated in the morpholino-injected embryos
and that the phenotype could be rescued by concomitant injection
with dner cRNA (Fig. 3B and C). Analysis of HuC/D expression revealed
its downregulation in embryos injected with dner morpholinos
(Fig. 4). This result suggests that the knockdown of Dner is sufﬁcient
to upregulate the proliferation of neural progenitors (Fig. 2). Inhibition
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expression of neurogenein1, ascl1a, and HuC/D (Figs. 3 and 4).
Dner induces glial differentiation
Previous studies have shown that DNER regulates the forma-
tion of Bergmann glia in the mouse cerebellum (Eiraku et al.,
2005). We accordingly analyzed the role of Dner during gliogen-
esis. Widespread overexpression of dner or id-dner cRNA down-
regulated the expression of the early glial marker slc1a3a (Glast in
mammals) (Chung et al., 2011; Shibata et al., 1997; Storck et al.,
1992), decreasing the expression 2.0-fold and 2.8-fold according
to qPCR analysis (Fig. 5A and C). This suggests that either dner or
id-dner was effective in inhibiting gliogenesis. In contrast, slc1a3a
was upregulated in embryos injected with dner morpholinos,
and this phenotype could be restored by co-injection with dner
cRNA (Fig. 5A). This ﬁnding was also conﬁrmed by qPCR analysis
showing 2.2-fold and 1.9-fold increases (Fig. 5C). To test whether
the effects of slc1a3a were because of irregular glial differentia-
tion, we evaluated the expression of the mature glial cell marker
myelin-associated glycoprotein (mag) (Quarles, 2007). Overexpres-
sion of dner or id-dner resulted in increased mag expression (2.5-
fold and 3.1-fold increases according to qPCR; Fig. 5B and C),
whereas injection with the dner morpholino decreased mag
expression (Fig. 5B), as conﬁrmed by qPCR (1.3-fold and 1.25-fold
decreases; Fig. 5C). Overall, these results show that Dner is
required and is sufﬁcient to induce glial differentiation.
Dner negatively regulates delta–notch signaling
Previous studies have shown that DNER, like the DELTA ligand,
can interact with the Notch receptor in vitro (Eiraku et al., 2002).Fig. 6. Expression of dner partially overlaps with that of deltaA and can be inhibited by
dner (purple, black arrowheads) and deltaA (red, white arrowhead) partially overlap (
(Nicd). (C) Overexpression of neurogenin1 did not lead to signiﬁcant alteration in dner ex
nnn, po0.001.The expression of dner was compared with that of the delta and
proneural genes in the developing nervous system. While deltaA,
deltaD, neurogenin1, and ascl1a were expressed in an overlapping
manner in many neuronal precursors (Supplementary Fig. 3), dner
is ubiquitously expressed in the cells of the entire nervous system
at different levels (Fig. 1). Double in situ hybridization of dner and
deltaA showed both overlapping (arrows in Fig. 6A) and non-
overlapping expression (arrowheads in Fig. 6A) between these
2 genes, suggesting that dner acts on the Delta ligand- and Notch
receptor-expressing cells. Injection of intracellular domain of Notch
(Nicd) downregulated dner expression (Fig. 6B and D), similar
to the inhibition by Notch activation of Delta expression in
cells receiving the Notch signal. However, unlike the Delta1 gene,
which can be induced by Neurogenin1 (Ma et al., 1998), over-
expression of neurogenin1 cRNA in zebraﬁsh embryos did not alter
the expression of dner (Fig. 6C and D), indicating that Dner acts
upstream of Neurogenin1.
To investigate whether Dner could interfere with Delta/Notch-
initiated effects on neural development, we ﬁrst overexpressed
DeltaD, a zebraﬁsh homolog to mammalian DELTA1, which has
been shown to bind to Notch receptor and regulate neural
development (Haddon et al., 1998; Takke et al., 1999). Injection
of deltaD cRNA alone inhibited the expression of neurogenin1 and
HuC/D at the bud stage and 24 hpf, respectively, in neurons
(Fig. 7A and C). In glial cells, overexpression of deltaD down-
regulated slc1a3a and upregulated mag expression (Fig. 7B and C).
This result is consistent with previous ﬁndings that overexpres-
sion of Delta activates Notch-initiated lateral inhibition of
neuronal differentiation and induces glial differentiation. Of
note, injection of dner cRNA could abolish the neuronal and glial
phenotypes resulting from deltaD overexpression (Fig. 7), demon-
strating that Dner can antagonize the effect of DeltaD.Notch activation. (A) Double in situ hybridization showing that the expression of
arrows). (B) Expression of dner was downregulated by Notch intracellular domain
pression. (D) These results in B and C were conﬁrmed by qPCR analysis. nn, po0.01;
Fig. 7. Co-injection of dner nulliﬁes the effects of deltaD overexpression. (A) Overexpression of deltaD caused decreased neurogenin1 and HuC/D expression. In contrast,
injection of deltaD downregulated slc1a3a and upregulated mag expression (B). These phenotypes were restored by co-injection of dner. (C) qPCR analysis conﬁrmed the
results of in situ hybridization. nn, po0.01; nnn, po0.001.
Fig. 8. Dner inhibits her4 expression. (A) her4 expression was downregulated in dner or id-dner-injected embryos and was increased in dnermorphants. (B) This result was
conﬁrmed by qPCR. nn, po0.001.
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we evaluated the expression of her4, a Hairy/E(Spl) transcription
factor known to act directly downstream of conventional Notch
signaling in neurogenesis (Takke et al., 1999). The expression of her4
was signiﬁcantly downregulated in dner-overexpressing embryosand increased in Dner knockdown embryos (Fig. 8), suggesting that
Dner could act as a negative regulator for Notch-her4 signaling.
Deltex1 has recently been identiﬁed as a positive and negative
mediator for Notch signaling (Cui et al., 2004; Eiraku et al.,
2005; Kishi et al., 2001). In addition, Deltex1 is essential for
Fig. 9. Dner is mediated by Deltex1 in neuronal and glial cells but not in neural progenitors. (A) dner injection decreased the proliferation of neural progenitors, and this
could not be restored by co-injection with deltex1 morpholino. (A–B) dner overexpression induced neuronal and glial differentiation, and these effects were abolished by
deltex1 knockdown. (C) qPCR analysis conﬁrmed the results of the in situ hybridization shown in A–E. nn, po0.01; nnn, po0.001.
F.-Y. Hsieh et al. / Developmental Biology 375 (2013) 1–1210DNER-mediated glial differentiation in mouse cerebellum (Eiraku
et al., 2005). Concomitant injection of deltex1 cRNA did not affect
any of the phenotypes resulting from dner overexpression (data
not shown). In addition, injection of deltex1 morpholino could not
restore the decreased neural progenitors phenotype caused by
dner cRNA overexpression at 75% epiboly (Fig. 9A). However, the
effect of dner overexpression on neuronal and glial differentiation
could be nulliﬁed by concomitant injection of deltex1 morpholino
(Fig. 9), suggesting Deltex1 as a downstream positive mediator for
Dner in neuronal and glial differentiation. This result also demon-
strated that the effect of Dner is regulated by Deltex1 in a tissue-
and developmental stage-dependent manner. Taken together, our
results suggested that Dner can antagonize DeltaD and regulate
Notch signaling. In addition, although the mediator for Dner in
neural progenitors at earlier stages during neural development
remains to be discovered, we demonstrated that Dner-regulated
neuronal and glial differentiation is mediated by Deltex1.Discussion
DNER-dependent Notch signaling has been studied far less
compared with canonical Delta- or Serrate/Jagged-initiated Notch
signaling. The biological function of DNER has been characterized
only in the cerebellum and cochlea of the inner ear. However,
considering the multiple roles of Notch signaling in the develop-
ing nervous system and diseases, it is reasonable to expect that
DNER is involved in other developmental events. We accordingly
used zebraﬁsh as an in vivo system and identiﬁed novel roles
for Dner in the inhibition of neural progenitor proliferation and
induction of neuronal and glial differentiation. Our study provides
novel insights into the roles of Dner/DNER and a better under-
standing of its potential mechanistic roles in the Notch signaling
pathway.
We showed that overexpression of Dner inhibited the prolif-
eration of neural progenitors, an effect resembling that observed
F.-Y. Hsieh et al. / Developmental Biology 375 (2013) 1–12 11in Notch-deﬁcient embryos. This result appears to contradict the
current hypothesis that Notch signaling positively regulates the
maintenance of neural progenitors. We also found that Dner-
mediated neural progenitor proliferation is not regulated by
Deltex1. These results suggest that Dner-regulated neural pro-
genitor proliferation is independent of Notch signaling and occurs
via a mechanism yet to be identiﬁed. In contrast, Dner is sufﬁcient
to induce neuronal differentiation, a ﬁnding that is also contra-
dictory to the model of Delta/Notch-initiated lateral inhibition of
neuronal differentiation. We explained this ﬁnding by demon-
strating that Dner can antagonize the effect of Delta and thereby
act as a negative mediator of Delta/Notch signaling in neuronal
differentiation. Given that Dner is widely expressed in progeni-
tors in which Delta–Notch-mediated lateral inhibition occurs, its
antagonistic function sets a threshold for an appropriate balance
between differentiation and progenitor maintenance. In gliogen-
esis, both dner and deltaD induce glial differentiation, but surpris-
ingly, this phenotype was abolished when dner was co-injected
with deltaD. The manner in which Dner regulates glial differentia-
tion in relation to Delta/Notch signaling remains to be discovered.
Taken together, our results demonstrated that Dner possesses
both Notch-dependent and Notch-independent activities, depend-
ing highly on the cell type.
Our results showed that Dner is expressed in DeltaA-expres-
sing cells and can antagonize the effects of DeltaD in neuronal and
glial differentiation and that Dner also inhibits the expression of
the direct downstream target her4. These results suggest that
Dner acts on adjacent cells that receive Notch signaling. However,
we found that dner is also expressed in cells not expressing
the delta ligand. More recent studies have shown that Delta/
Notch can interact in a cell-autonomous manner to inhibit Notch
signaling (Jacobsen et al., 1998; Miller et al., 2009; Wang et al.,
2011). Thus, whether Dner mediates Notch signaling by cis- or
trans-regulation or both remains to be conﬁrmed.
Aberrant expression of Notch signaling is often found in
different types of tumors. Studies have suggested that Notch
signaling in tumorigenesis is oncogenic and tumor-suppressive,
while its role in mediating the maintenance and proliferation of
stem cells may be crucial for the formation of tumors (Lasky and
Wu, 2005; Roy et al., 2007). Based on an analysis of the CGAP
(Cancer Genome Anatomy Project) expression database, we found
that DNER was expressed in several brain tissues and tumors with
glial components (unpublished observations), suggesting that
DNER participates in the formation of brain tumors. We showed
that in the developing nervous system, Dner overexpression is
sufﬁcient to inhibit proliferation, while it also induces the
differentiation of glial cells, and the knockdown of Dner results
in ectopic glial precursors. These results are consistent with a
recent report that DNER inhibited the growth of glioblastoma-
derived neurospheres and induced their differentiation (Sun et al.,
2009). Thus, the function of Dner in neural development may
be directly relevant to its role in brain tumorigenesis. Further
analysis of Dner/DNER and its role in Notch signaling may identify
a possible pathological mechanism and a potential therapeutic
method for intervening in brain tumor progression.Conclusions
We isolated zebraﬁsh dner and performed overexpression and
knockdown analyses to interfere with its endogenous expression.
We found that dner was sufﬁcient to inhibit the proliferation of
neural progenitors, a process that is not mediated by Deltex1.
On the contrary, Dner antagonized DeltaD to induce neuronal
and glial differentiation, which required Deltex1 expression.
This is the ﬁrst study to demonstrate the role of Dner in neuralprogenitor development, and we report several novel ﬁndings
that reveal a new mechanism for this protein and its role in Notch
signaling during neural proliferation and neuronal and glial
differentiation.Acknowledgments
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